Introduction
Polymer materials, for example, plastics, rubbers, and fibers, etc., are widely used in many fields because of their excellent characteristics, and have become necessary and indispensable in modern life. However, polymers deteriorate easily under the environmental conditions necessary to humans, although polymers are extremely stable in the absence of light, at low temperatures, and under inert atmospheres. The main causes of deterioration includes the autoxidation reaction initiated by the effects of heat, light, and/or transition metals.
Deterioration by autoxidation can be prevented by the inclusion of various additives in the polymer materials. Hindered amine light stabilizers (HALS) are typical of such additives. HALS form several derivatives including N-hydroxyl HALS (HALS NOH), which also act as active additives, and are used in many fields as excellent and multifunctional stabilizers, but are sensitive to the combination of the other additives 1) . For example, HALS are negatively affected by additives with acidity or producing acidic substances. In particular, such additives include phenolic antioxidants such as 3,5-di-t-butyl-4-hydroxy-toluene (BHT) and sulfurcontaining additives, and their antagonisms with HALS are known in detail 2), 3) . Recently, distearyl hydroxylamine has been commercialized as a new antioxidant (Irgastab FS-042) by Ciba Specialties Inc. 4) . This additive acts by scavenging free radicals as well as decomposing hydroperoxides. Distearyl hydroxylamine is basic, so can be used as a radical scavenger in place of a phenol additive with potential antagonism to HALS, and does not color the stabilized material, although amine-type additives are generally not used for polymer materials except for rubbers because of the tendency to color the polymer materials 2), 5) . In addition, distearyl hydroxylamine is more active than the typical phenol, BHT, but the radicalscavenging mechanism has not yet been clarified in detail.
This study tried to establish mechanism of action of distearyl hydroxylamine by kinetic and electron spin resonance (ESR) measurements.
Experimental

1. Reagents
Distearyl hydroxylamine, diethyl hydroxylamine, BHT, styrene, chlorobenzene, and azo-bis-isobutyronitrile (AIBN) were used after purification by conventional methods. The reagents used for other measurements are also purified similarly.
Measurement of Antioxidant Activity
Autoxidation was carried out in an enclosed gas-liquid contacting system including oxygen as the gas phase at 50 . The standard conditions used styrene reactant 2.0 mol/dm 3 Distearyl hydroxylamine has been developed as a polymer stabilizer, but the mechanism of action has not yet been clarified. The mechanism was investigated by evaluating the radical-scavenging potential. Distearyl hydroxylamine could better scavenge oxygen-centered radicals such as an alkoxy radical than carbon-centered radicals. The α,α-dimethylbenzyloxy radical scavenging ability (kinh 5. ・s -1 ) or HALS NOH, but the radical scavenging number (n) of distearyl hydroxylamine was not so high as that reported previously. The high radical-scavenging ability of distearyl hydroxylamine seems to be based on the easier cleavage of the C _ N bond of N,N-distearyl nitroxide radical derived from hydrogen abstraction by an alkoxy radical, compared with that of HALS NOH. A new radical scavenging mechanism of distearyl hydroxylamine is proposed based on the observations of electron spin resonance spectroscopy.
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Distearyl hydroxylamine, Radical scavenging mechanism, ESR, BHT, HALS radical scavenger 1 10 -4 mol/dm 3 . Chlorobenzene was used as stable solvent under oxidation conditions. Differential pressure transducers (DD102A-100K and DD200CS-100K, Toyoda Koki Co.) were used to record the pressure change with a direct current amplifier (AA4500, Toyoda Koki Co.) and a recorder (SS-100F, Seconick Ltd.).
3. Electron Spin Resonance Measurement of
Distearyl Hydroxylamine ESR measurement was carried out using an ESR spectrometer (JES-FA100, JEOL Ltd.). Distearyl hydroxylamine (0.0054 g) and dicumyl peroxide (0.0270 g) as radical initiator were weighed into an ESR tube and then chlorobenzene (0.25 mL) was added. The tube containing a homogeneous solution was purged with nitrogen gas for 15 min, sealed with a cap, and subjected to ESR measurement at 50 or 120 . This procedure provided the spectra of radicals derived from distearyl hydroxylamine. The temperaturedependence of the formation and stability of the radicals was also studied.
Conditions for ESR measurements were as follows. Power 0. 
Results and Discussion
1. Radical Scavenging Potential of Distearyl
Hydroxylamine In general, for an antioxidant scavenging peroxy radicals in autoxidation, the rate equation of oxygen absorption is derived from the elementary steps shown by Scheme 1. The rate equation is written as Eq. (1).
The radical scavenging potential of distearyl hydroxylamine was examined kinetically to confirm whether the hydroxylamine acts according to the above-mentioned general equation or whether it scavenges peroxy radicals and/or alkyl radicals at the rate-determining step. The relationship between the logarithmic oxygen absorbing rate and distearyl hydroxylamine concentration was plotted (Fig. 1a) , and the dependence order of the rate on the distearyl hydroxylamine concentration was calculated from the gradient of the line. The orders of dependence on the initiator AIBN, styrene, and oxygen concentrations are shown in Figs. 1b to 1d, respectively, as follows: 0.8 for distearyl hydroxylamine (over 10 -5 -5 10 -4 mol/dm 3 ), 1.1 for AIBN (over 5 10
-2 mol/dm 3 ), 0.8 for styrene (over 2.0-4.0 mol/dm 3 ), and 0.0 for oxygen (over 10 -5 -10 -3 mol/dm 3 ). Therefore, the rate equation for distearyl hydroxylamine can be written as Eq. (2) over the above concentration ranges of reaction factors. Equation (2) roughly coincides with the Eq. (1). Therefore, distearyl hydroxylamine can behave as a strong peroxy radical scavenger at the rate-determining step (Step (4) of Scheme 1) in the above-mentioned range of concentrations. Thus, distearyl hydroxylamine seems to scavenge peroxy radicals according to a simple mechanism similarly to a general phenol, although these chemicals have quite different chemical structures. However, the oxygen absorption rate had a complicated dependence on styrene concentration as shown in Fig. 1c . For example, the rate did not depend on the styrene concentration below 2.0 mol/dm 3 . This result cannot be discussed here because we have no further data or findings, but suggests a different radical scavenging process at lower concentrations of styrene. Table 1 shows the kinetic antioxidant data of BHT and three hydroxylamines. The n and kinh values are not shown for HALS NOH, due to the complicated behaviors of HALS. HALS and derivatives undergo changes in chemical structures during action as antioxidants and do not show any clear induction period, so the n value cannot be calculated. Therefore, the nkinh values are used as the total antioxidant index to com- pare the activities of antioxidants used in this study 6) . The index, nkinh, shows that antioxidant activities decrease in the order of linear dialkyl hydroxylamines BHTHALS NOH. This fact suggests that linear and cyclic hydroxylamines have different antioxidant actions.
Another interesting result is shown in Table 1 . Linear hydroxylamines gave n values of 1.2 and 1.8 for diethyl and distearyl hydroxylamines, respectively. Probably the hydroxylamine scavenges a peroxy radical to form a nitroxide radical which does not react with a peroxy radical, but may scavenge an alkyl radical to form a stable product. The action mechanism of distearyl hydroxylamine was previously described at San Diego, USA 7) , and although this original information is not available, a mechanism was proposed as shown in Fig. 2  4) . This mechanism suggests that distearyl hydroxylamine scavenges free radicals, but the type of free radicals are not specified and whether all free radicals ( R・) involved in the mechanism are same or not remains unclear. If all free radicals mean alkyl radicals and are scavenged in the proposed action mechanism, the obtained rate equation should be proportional to zero order for [RH] and first order for [O2]. According to Fig. 1d , zero order for [O2] was observed over a wide range of [O2] in this study. This result excludes scavenging alkyl radicals under the present reaction conditions. In addition, the proposed action mechanism shows that one mole of distearyl hydroxylamine can scavenge 4 to 7 free radicals (Fig. 2) . This radical scavenging number (n) is too high, compared with the finding in this study.
Therefore, the proposed action mechanism is different in type and number of scavenged radicals from that deduced from the results shown by Eq. (2) and Table 1 . In order to clarify such contradictions, free radicals scavenged by distearyl hydroxylamine in autoxidation were investigated using an ESR method.
2. E S R M e a s u r e m e n t o f D i s t e a r y l
Hydroxylamine The ESR method used dicumyl peroxide as the alkoxy radical-generating agent (initiator) to confirm species reacting with distearyl hydroxylamine, because an alkoxy radical behaves like a peroxy radical as a main chain carrier in autoxidation (Scheme 2).
When the initiator was mixed with distearyl hydroxylamine at 120 , new signals appeared at once. The spectrum of signals is shown in Fig. 3 together with the intensity of each signal. The spectrum fundamentally consists of a triplet of intensity ratio 1 : 1 : 1 (g value 2.00572 and coupling constant a 14.8 G). This signal pattern coincides with that of a general nitroxide radical (g value 2.005-2.006 8) or 2.0059-2.0065 9) and aN 14.0-15.5 9) for N,N-dialkyl nitroxide radicals). The triplet further splits into a quintet of intensity ratio 1 : 4 : 6 : 4 : 1. This quintet splitting could be due to the presence of two β-CH2 adjacent to the nitrogen atom (aβ-CH 2 10.1 G). Therefore, the spectrum shows The same procedure was repeated under similar conditions, except for using AIBN in place of dicumyl peroxide. The observed spectrum gave similar, but quite weak signals, compared with that of Fig. 3 . Therefore, the radical scavenging process of distearyl hydroxylamine starts from the reaction with a peroxy radical, although the reaction as shown by Scheme 4 cannot be neglected completely. That is, distearyl hydroxylamine can scavenge both carbon-and oxygencentered radicals, but predominantly scavenges the latter. This finding is not inconsistent with that estimated by Eq. (2).
After confirming the generation of Radical A, the spectrum of Fig. 3 did not change by splitting, but weakened with time, when the temperature was lowered from 120 to 50 . However, the signals increased again, when the sample was heated up to 120 . The decrease in signal intensity at lower temperature indicates that sufficient α,α-dimethylbenzyloxy radicals are not generated at 50 , resulting in little formation of Radical A.
The same sample was kept at 120 for a long time after these observations. The signals finally became simple by way of a very complicated spectrum (Fig. 4) . The spectrum first showed splitting into triplets by nitrogen (g 2.00570 and aN 14.8 G), each of which splits into triplets in the intensity ratio 1 : 2 : 1 (aβ-CH 2 4.1 G). This splitting indicates only one β-CH2 attached to the nitrogen atom and no hydrogen atom(s) at the β-position of the nitrogen. This suggests a chemical structure with the nitrogen atom of nitroxide attached to a group which does not contribute to further splitting, such as a α,α-dimethylbenzyloxy group, instead of the original stearyl group. Therefore, the formed radical (called Radical C) was probably that shown in Fig. 4 . The sample temperature was then lowered to 50 , but the signal pattern and the signal intensities of the spectrum did not change at all. This fact suggests that Radical C is very stable. Fig. 4 was observed. However, this sample again showed the same signal as shown in Fig. 5 , when the temperature was increased up to 120 . This observation may suggest that the nitrogen radical compound (Radical B shown in Fig. 5 ) is present as an intermediate radical at high temperature, but the radicals couple with each other at the low temperature of 50 . Figure 6 shows the postulated antioxidant mechanism of distearyl hydroxylamine. A α,α-dimethylbenzyloxy radical abstracts the pr oton of distearyl hydroxylamine at the first stage of radical scavenging to form N,N-distearyl nitroxide radical (Radical A). Radical A forms a five-membered ring through an equilibrium reaction, and forms monostearyl hydroxylamine radical (Radical B) by cleaving ω-octadecene. Radical B can react in two ways: formation of nitroso compound by hydrogen abstraction and formation of monostearyl hydroxylamine radical dimmer by coupling of two monostearyl hydroxylamine radicals. The resulting intermediate nitroso compound generates the very stable Radical C by reaction with α,α-dimethylbenzyloxy radical. This mechanism implies that distearyl hydroxylamine can scavenge at most three α,α-dimethylbenzyloxy radicals. However, the radicals derived from distearyl hydroxylamine might couple with each other at low temperature (for example 50 ) to d ec reas e the am ount of scavenged r adicals. Therefore, our finding of 1.8 radicals per mole of distearyl hydroxylamine at 50 ( Table 1) is consistent.
Radical Trapping Mechanism of Distearyl Hydroxylamine
This mechanism suggests that only peroxy radicals are scavenged by distearyl hydroxylamine. Under different reaction conditions, for example, lower oxygen concentration, nitroxide radical may react with alkyl radical, as known for HALS 5) , in competition with the fast reaction of the alkyl radical with oxygen (Step (2) of Scheme 1) called the "physical rate-determining step." This fact should be considered in interpreting these results.
Conclusion
Amines and derivatives are used as antioxidants and other additives in the fields of plastics, rubbers, and pe- This study has focused on the action mechanism of distearyl hydroxylamine as antioxidant, and proposed one possible mechanism.
The main findings of this study are as follows: (1) Dialkyl hydroxylamines can scavenge more than an equivalent amount of peroxy radicals. (2) Linear hydroxylamine (distearyl hydroxylamine) and cyclic hydroxylamine (HALS NOH) seem to behave differently in terms of scavenging peroxy radicals. This difference probably depends on the cleavage of the C _ N bond of N,N-dialkyl nitroxide radical. N,Ndistearyl nitroxide radical easily cleaves the C _ N bond to form high antioxidant potential, whereas the piperidine skeleton of HALS prevents such C _ N cleavage. This point is a very interesting finding.
